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Abstract
Spatial inequalities in old-age survival exist in Portugal and
might be associated with factors pertaining to three distinct
domains: socioeconomic, physical environmental and healthcare.
We evaluated the contribution of these factors on the old-age sur-
vival across Portuguese municipalities deriving a surrogate mea-
sure of life expectancy, a 10-year survival rate that expresses the
proportion of the population aged 75-84 years old who reached
85-94. As covariates we used two internationally comparable mul-
tivariate indexes: the European deprivation index and the multiple
physical environmental deprivation index. A national index was
developed to evaluate the access to healthcare. Smoothed rates
and odds ratios (OR) were estimated using Bayesian spatial mod-
els. Socioeconomic deprivation was found to be the most relevant
factor influencing old-age survival in Portugal [women: least
deprived areas OR=1.132(1.064-1.207); men OR=1.044(1.001-
1.094)] and explained a sizable amount of the spatial variance in
survival, especially among women. Access to healthcare was asso-
ciated with old-age survival in the univariable model only; results
lost significance after adjustment for socioeconomic circum-
stances [women: higher access to healthcare OR=1.020(0.973-
1.072); men OR=1.021(0.989-1.060)]. Physical environmental
deprivation was unrelated with old-age survival. In conclusion,
socioeconomic deprivation was the most important determinant in
explaining spatial disparities in old-age survival in Portugal,
which indicates that policy makers should direct their efforts to
tackle socioeconomic differentials between regions. 
Introduction
In high-income countries, premature mortality has plateaued
at very low levels, and, consequently, old-age survival is now the
mechanism that regulates life-expectancy (Rossi et al., 2013).
Old-age survival is then a good general indicator of population
health and development (Huisman et al., 2004). Although overall
mortality variation decreased, survivors have become increasingly
heterogeneous with respect to mortality risk, which suggest that
mortality inequalities are shifting to older ages as survival in early
life improves (Huisman, et al., 2004; Engelman et al., 2010).
Despite being a relatively small country, spatial inequalities
have been identified in Portugal (Santana, 2015), particularly
regarding cardiovascular disease (Ferreira-Pinto et al., 2012),
fractures (de Pina et al., 2008), cancer (Alves et al., 2016), suicide
(Santana et al., 2015a), tuberculosis (Apolinário et al., 2017) and
all-cause mortality (Santana et al., 2015b). Moreover, recently,
important spatial inequalities in the distribution of old-age sur-
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vival have been revealed (Ribeiro et al., 2016a, 2016b). A myriad
of factors can account for the spatial inequalities in old-age sur-
vival that include a complex network of factors of different natures
affects population health over the time (Ribeiro, et al., 2016b).
Socioeconomic factors may play an important role in explain-
ing these spatial differentials, as the association between socioeco-
nomic position and health is one of the oldest and most solid find-
ings in public health (Mackenbach et al., 2008). However, diverse
studies have shown that in southern Europe the association
between health and socioeconomic deprivation tends to be rather
modest compared to western Europe (Mackenbach, et al., 2008;
Gotsens et al., 2013; Borrell et al., 2014; Hoffmann et al., 2014;
Mari-Dell’Olmo et al., 2015). It is then crucial to explore the influ-
ence of other key health determinants, such as the physical envi-
ronment (the material features that surrounds population and
includes physical, chemical and biological agents external to the
human body (Porta, 2001) and access to healthcare, i.e. the ability
to obtain appropriate health services when needed (Obrist et al.,
2007). 
Regarding, physical environment, there is considerable evi-
dence that the characteristics of the physical environment con-
tribute to extend or shorten life expectancy among older adults
(Takano et al., 2002; Lv et al., 2011; Robine et al., 2012). From all
age groups, the elderly are certainly the most affected by the
impact of climate extremes (Yu et al., 2012) and air pollution (Bell
et al., 2013). It is also important to note that detrimental physical
environments are not randomly distributed. Several studies have
found that physical and socioeconomic deprivations coincide in
space (the so-called environmental injustice) (Fecht et al., 2015).
Consequently, these two items should be taken into account when
addressing health inequalities (Lee, 2002). Similarly, access to
healthcare is a vital aspect, especially at older ages, due to the
heavy burden of chronic diseases and to higher susceptibility to
infections. The likelihood of surviving beyond a certain age is cer-
tainly affected by the use of healthcare resources (Vogt and Vaupel,
2015). The importance of healthcare is patent in several European
studies, which reveals that the fast increase in old-age survival of
the past decades can be mostly attributed to improvements in
healthcare (Mackenbach et al., 2011; Peters et al., 2015; Vogt and
Vaupel, 2015).
These intricate relations between population health and socioe-
conomic, physical and healthcare factors can only be understood
with the use of theoretically sound and validated indicators that
grasp the multifactorial nature of these influences (Wills and
Briggs, 1995). Multivariate ecological indexes of socioeconomic
deprivation are becoming common place (Department for
Communities and Local Government, 2011; Guillaume et al.,
2016) as epidemiology research shifts from its traditional biomed-
ical focus to an eco-social approach. Yet, multivariate indexes
about the physical environment and access to healthcare (at least
specific to older populations) are still uncommon. Only recently
has this kind of indexes become available in Portugal. In 2016, a
multivariate index of socioeconomic deprivation was created
under robust methods and theories (Guillaume et al., 2016; Ribeiro
et al., 2017) and started to be used to study the link between depri-
vation and health outcomes at the individual level (Antunes et al.,
2016) and also at the ecological level (Ribeiro 
et al., 2016a). In 2015, a multivariate index of physical environ-
ment deprivation (MEDIx) for Portuguese municipalities was
developed using sound and internationally validated methodolo-
gies (Ribeiro et al., 2015). Significant and plausible associations
between this measure and mortality were found showing its poten-
tial to understand the role of physical environment in diverse
health outcomes. 
In this study we aimed to evaluate the role of the socioeconom-
ic, physical environmental and healthcare factors on old-age sur-
vival in Portugal. We derived a measure of old-age survival for the
278 municipalities of Portugal based on census data. As covariates,
we used evidence-based ecological indexes.
Materials and Methods
Study area
The study was conducted in Continental Portugal (which
excludes the archipelagos of Madeira and Azores) using munici-
palities as units of analysis. Municipalities are commonly the
smallest unit for health data dissemination and, apart from the
large urban areas, they tend to be homogeneous in terms of social
and economic profile. Two hundred and seventy eight municipali-
ties exist in Continental Portugal with an average population of
36,143 inhabitants in 2011.
Old age survival
Because life expectancy and mortality data in old ages was not
disclosed for municipalities, we derived a measure of old-age sur-
vival that expresses the probability of the people aged 75-84 years
to survive an additional ten years, i.e. surpass the average life
expectancy (Ribeiro et al., 2016b):
                                                                                                 
                                                                       
Eq. 1
where ri is the ten-year survival rate, i(=1,…,278) the area, y the
population aged 85-94 years old in 2011 and n the population aged
75-84 years old ten years before (in 2001). This and similar indi-
cators are straightforward and understandable metrics to estimate
survival at advanced ages in small areas, which solely require a
time series of population census data (Poulain et al., 2004;
Magnolfi et al., 2007; Ribeiro et al., 2016b). 
Covariates
Socioeconomic deprivation
The European Deprivation Index (EDI) was used to classify
small areas according to their level of socioeconomic deprivation.
It was constructed in three steps using both individual and area
level census data as has been detailed elsewhere (Guillaume et al.,
2016). In brief: i) construction of an individual level indicator of
deprivation based on the European Union Statistics on Income and
Living Conditions (EU-SILC) information, which is available at
http://ec.europa.eu/eurostat/web/microdata/european-union-statis-
tics-on-income-and-living-conditions; ii) identification of vari-
ables available both at the individual level (EU-SILC) and at the
area level (2001 national population census); and iii) determina-
tion, at the individual level, whether the set of area level variables
from the census selected at step 2 were associated with the indica-
tors of individual deprivation created in step 1.
The associated census variables were then included in the EDI
formula, whose final score was based upon the weighted sum of
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these variables. The weights were the regression coefficients mea-
suring the association between the indicator of individual depriva-
tion and the variables from the census that were also available at
the individual level identified in step 2. The score for Portugal was
based upon the weighted sum of the following variables expressed
as percent: overcrowded households; households with no bath or
shower; household with no indoor flushing toilets; households
occupied by non-owners; women aged ≥65; individuals with low
education level; individuals in low income occupations; and indi-
viduals unemployed as discussed by Ribeiro et al. (2017).
The EDI index was normalised and then classified into ten
classes (C1 – the least deprived to C10 – the most). Cut-offs for
these theoretical deciles were defined based on standard deviations
from the overall mean and customised so that the classes included
a more even number of observations (cut-offs = -1.28, -0.84, -0.52,
-0.25, 0, 0.25, 0.52, 0.84, and 1.28). This approach avoids the well-
known problems of using empirical quintiles, which assume homo-
geneity of risk within groups (Bennette and Vickers, 2012). The
geographic EDI score distribution across Portuguese municipali-
ties is shown in Figure 1 (classes correspond to quintiles instead of
deciles to facilitate visualisation).
Access to healthcare
Some measures of access to healthcare have been developed in
Portugal, but these were for the overall population (not exclusively
for the elderly) and/or they only accounted for hospital services
(Polzin et al., 2014; Santana, 2015). Therefore we derived an index
of access to healthcare for the older population starting by retriev-
ing all datasets on healthcare availability and accessibility (the two
domains of healthcare access for which data are available).
Variables were obtained at the municipality level for the year 2001
(whenever possible) and for Continental Portugal from two data
sources: Hospitals and Primary Care Centers Surveys from
Instituto Nacional de Estatística (INE) - National Institute of
Statistics (INE, 2001a, 2001b) and Social Map from the Ministry
of Solidarity, Employment and Social Security (Carta social,
2008). From 49 datasets, those with too many missing/censored
and zero values were discharged (n=16 datasets selected).
We calculated the rates to express the population exposure to
the variables created (n=16), which were then characterised and
transformed to become more normally distributed. Subsequently,
bivariate correlations were computed to identify variables exces-
sively correlated and therefore discharged (n=10 variables select-
ed). Finally, principal component analysis was run to derivate a
summary measure expressing access to healthcare in each munici-
pality. The three principal components that explained 72% of the
variability in the latent variable access to healthcare were as fol-
lows. First, availability of long-term care and social support facil-
ities including the capacities of the day-care centres; the nursing
                   Article
Figure 1. Spatial distribution of socioeconomic deprivation, access to healthcare and physical environmental deprivation in Continental
Portugal.
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homes; and home care. Second, availability and geographical
accessibility to healthcare facilities - population weighted mean
distance to public hospitals (maternities and paediatric hospitals
excluded) computed using the Network Analyst extension of
ArcGIS 10.4.1 (ESRI, Redlands, CA, USA) and a street network
dataset provided courtesy of ESRI; primary care centres including
extensions; pharmacies; and mobile pharmacy posts. Third, avail-
ability of health professionals – medical doctors by place of resi-
dence; nurses by place of work; dentists by place of residence; and
pharmacists by place of work.
For each municipality, i, each component score was multiplied
by the proportion of the variation explained.
HCA scorei = 0.25340 * 1st componenti + 0.23857 * 2nd compo-
nenti + 0.22924 * 3rd componenti                                    (Eq. 2)
Similarly to socioeconomic deprivation, after standardisation,
the index was categorised into 10 classes based on theoretical
deciles. The geographic distribution of the index across Portuguese
municipalities is shown in Figure 1 (again classes correspond to
quintiles).
Physical environmental deprivation
The measure of multiple physical environmental deprivation
(PT-MEDIx) was built at the municipality level using data from the
years 2001 and 2011 and developed in four stages fully described
elsewhere (Ribeiro et al., 2015). The PT-MEDIx covered five
dimensions of the physical environment: air pollution (particulate
matter, nitrogen dioxide, carbon monoxide); climate (temperature);
drinking water quality (trihalomethanes and nitrates); green space
availability; and industry proximity. Municipalities in the highest
quintile of exposure received a score of +1 for harmful factors and
-1 for beneficial factors. The PT-MEDIx of each municipality
equalled the sum of these scores and ranged from -1 (the least envi-
ronmental deprivation) to +4 (the most). We treated all factors as
equal contributors to environmental deprivation because any
weighting would be arbitrary without robust evidence (Richardson
et al., 2010; Pearce et al., 2011). The geographic distribution of
PT-MEDIx across the Portuguese municipalities is shown in
Figure 1.
Statistical model
Bayesian Hierarchical Spatial models were used to estimate
the effect of each covariate in old-age survival. We assumed that
the response variable, number of survivors in each area i and gen-
der j would (Yij) follow a binomial distribution, where pij is an
unknown survival rate and nij the population aged 75-84 years old
ten years before:
Yij~Bin (nij, pij)                                                                  (Eq. 3)
The logit of the survival rate is modelled considering gender
and the interaction between the covariates and gender xij and area:
logit(pij) = ηij = genderj + fj (xi) + si                              (Eq. 4.1)
where ηij is the linear predictor, genderj an intercept specific for
each gender, fj(xi) the gender-specific effect of each covariate
(which assumes the value xi for the area i), and si the area-specific
effect. The function fi assumes a nonlinear effect of the covari-
ates, which is modelled as a first order random-walk prior over
the covariates’ classes, i.e. a normal distribution, whose mean at
each class is an average over the neighbouring classes (Martino
and Rue, 2009). As xi was categorised into classes, we can sim-
plify fj (xi) into elj, which denotes the effect of covariate class l for
gender j.
The area-specific effect si was modelled considering a Besag,
York and Mollie’s (BYM) model (Besag et al., 1991) with a
parametrisation as suggested by Dean and colleagues (2001):
                         
(Eq. 4.2)
where υi is the structured effect and νi the unstructured effect. The
υi effect was scaled in order to make the model more intuitive and
interpretable, so that φ expresses the proportion of the spatial effect
due to the structured part and 1/τ is the marginal variance of sj. A
penalised complexity prior was considered.
Considering the model defined by equations 3 and 4.1, the
exponential of the gender main effect is the ratio between the
men’s odds of survival and women’s, i.e. the gender odds ratio
(OR). The exponential of elj is the ratio between the odds of sur-
vival of the covariate class  and gender  and the overall odds for
the entire population – the covariate and gender-specific OR. For
example, an OR of 1.15 in a certain covariate class (e.g., the least
socioeconomically deprived) and gender (e.g., women) means that
for that gender and covariate class the odds of survival is 15%
higher than the overall odds survival of the entire population of
that gender. OR and 95% credible intervals (95% CrI) were
derived from their posterior means and quantiles. An OR would be
considered significantly higher or lower if its 95% CrI does not
include the value 1. Posterior distributions were obtained using the
Integrated Nested Laplace Approximation (INLA), which was
implemented in the R INLA library (Rue et al., 2009).
The model produced by equation 4.1 was our final, but we
started with a simple model, where we only included the gender-
specific intercept and the spatial effect  and then introduced each
covariate successively. The order of entering each covariate was
based on the strength and significance of associations observed in
the univariable models. These models were also run to assess the
unadjusted influence of each covariate. Three measures of good-
ness of fit, Deviance Information Criteria (DIC), Watanabe-Akaike
information criterion (WAIC) and Conditional Predictive Ordinate,
(CPO) were used to compare models. The relative reduction in the
variance of spatial effect (τ) was also evaluated to ascertain to what
extent covariates contributed to explaining the spatial variation of
old-age survival. The presence of interactions between covariates
was also tested. Finally, we did explore the correlation between the
covariates by computing the Pearson’s correlation coefficient (r). 
Results
On average, the old-age survival rates were 32.3% (maxi-
mum=39.7; minimum=27.5) among men and 43.7% (67.2; 34.5)
among women. The presence of spatial inequalities in the distribu-
tion of survival is depicted in Figure 2, showing a nearly two-fold
difference between areas. In general terms, higher survival rates
were concentrated in the North and Central coasts of the country
and in the urban municipalities, whereas the lowest were found
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concentrated in the South and in the northern inland.
In Figure 3, the survival rates are represented as a function of
each covariate. In general, survival rates decreased with socioeco-
nomic deprivation in both genders. On the other hand, survival
rates neither seemed to increase nor decrease in a clear fashion
according to healthcare access and physical environmental depri-
vation. We found a significant but moderate correlation between
the covariates: physical environmental deprivation was negatively
associated with socioeconomic deprivation (r= -0.288, P<0.001)
and access to healthcare was also negatively associated with
socioeconomic deprivation (r= -0.344, P<0.001). 
The results obtained with the univariable and multivariable
models are shown in Table 1 (univariable), Table 2 (multivariable,
men) and Table 3 (multivariable, women). Among women, in the
multivariable model, a rather linear association between old-age
survival and socioeconomic deprivation was observed and this
association persisted even after the inclusion of the remaining
covariates [least deprived areas OR=1.132 (1.064-1.207)] (Table
3). In the null model (no covariates, only spatial effect), the percent
variability attributed to the spatial random effect was 65%. We
then added one variable each time to assess its impact on old-age
survival. The variance attributed to the spatial effect was reduced
by 31.4% after including socioeconomic deprivation in the model.
The inclusion of the remaining variables did neither cause much
change in the adjustment parameters nor in the variance explained
by the spatial effect. After adjustment for socioeconomic depriva-
tion the association with healthcare access, which was slightly
associated with survival in the univariable model (Table 1), was no
longer significantly associated with survival [lowest access to
healthcare OR=0.961 (0.901-1.009)]. Similarly, no significant
association was found between survival and physical environmen-
tal deprivation and no interaction effects were observed between
covariates. For men we reached similar results although the mag-
nitude of the associations was considerably smaller.
Socioeconomic deprivation was significantly associated with
survival among men [OR=1.044 (1.001-1.094)] (Table 2). In the
null model (no covariates, only spatial effect), the percent variabil-
ity attributed to the spatial random effect was 51%. Compared to
what was observed for women, the reduction of spatial variance
caused by the introduction of socioeconomic deprivation in men
was comparatively smaller (13.1% vs 31.4% in women). As with
women, neither access to healthcare nor environmental deprivation
were significantly associated with old age survival for men.
Discussion
In this study we aimed at investigating the contribution of three
important multidimensional determinants on old-age survival in
Portuguese municipalities. We found that socioeconomic depriva-
tion was the most relevant factor, explaining a considerable share
of the spatial variance in old-age survival, especially among
women. Despite evidence showing that physical environment and
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Figure 2. Spatial distribution of old-age survival rates posterior means in Continental Portugal. 
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healthcare do affect older people’s health (Takano et al., 2002; Lv
et al., 2011; Robine et al., 2012; Vogt and Vaupel, 2015), those fac-
tors did not play such a major influence as socioeconomic depriva-
tion for older people’s chances of survival.
To date very few studies have compared the relative impor-
tance of factors pertaining to different domains, such as social,
economic and physical environmental ones (Domínguez-Berjón et
al., 2010; Ferreira-Pinto et al., 2012; Hood et al., 2016). These
studies have used indicators (outcomes and covariates) that are not
directly comparable to ours, but they all acknowledged that socioe-
conomic deprivation had the strongest effect. The prominent role
of socioeconomic deprivation in shaping a population’s health has
                                                                                                                                Article
Figure 3. Old-age survival rates posterior means as a function of socioeconomic deprivation, access to healthcare and physical environ-
mental deprivation in Continental Portugal.
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been the matter of discussion for centuries and its influence is still
observed in our time. For instance, in the United Kingdom and the
United States, socioeconomic deprivation seems to explain most of
the spatial inequalities in health and life expectancy (Woods et al.,
2005; Hood et al., 2016). The latter authors report the following
relative contributions to health in the United States of socioeco-
nomic factors (47%), health behaviour (34%), clinical care (16%)
and the physical environment (3%). However, in our study the
association between old-age survival and socioeconomic depriva-
tion was significant but its contribution in explaining spatial effects
was modest, only 31% among women and 13% in men. It is plau-
sible that other factors, which we did not measure, counterbal-
anced the effects of socioeconomic deprivation (e.g., formal and
informal social and economic support).
In the city of Porto in northern Portugal, we conducted a simi-
lar study (Ribeiro et al., 2016a), where we analysed the impact of
the socioeconomic deprivation, built and physical environment on
old-age survival across the neighbourhoods of the city. In this
study, we found that more than 41% of the differences between
neighbourhoods could be attributed to the socioeconomic charac-
teristics of the neighbourhoods. We also found that the measures
that described the physical environmental characteristics (built and
biogeophysical) of the neighbourhoods were not associated with
old-age survival at all. In other words, socioeconomic factors are
also the biggest drivers of the spatial differentials in old-age sur-
vival in Porto. Although the associations were similar to those we
found in the present study that entails the entire country, it is
important to point out that the percent of variability explained by
socioeconomic deprivation was considerably lower in Portugal as
a whole (31% in women and 13% in men) than in Porto. This is
likely a consequence of using municipalities as unit of analysis in
the present study. These are relatively large areas that might not
suffice to detect and capture spatial inequalities and associations
whenever there is considerable within-area variability in outcomes
and covariates. 
Our current study is ecological in nature and, consequently, we
could not ascertain causal relations neither the mechanism by
which socioeconomic aspects affects survival. There are numerous
theories trying to conceptualise that. One of the most relevant is
the (neo)material model, which states that most deprived people
have poorer health due to lack of material conditions at home and
in the living context (work, school, neighbourhood, region) being
particularly relevant (Skalická et al., 2009). However, our results
do not fully accord to this theory. For instance, and contrasting to
other studies (Pearce et al., 2010), we did not find socioeconomic
deprivation to be directly related to physical environmental depri-
vation expressed by us as a combination of different exposures
(green space availability, air/water pollution, climate). Indeed, we
observed the exact opposite (negative correlation, r=-0.288,
P<0.001) showing taht affluent areas had the poorest physical
environmental conditions. But, we did find evidence that health-
care is less available in more deprived areas (negative correlation,
r=-0.354, P<0.001) suggesting that some form of environmental
unfairness exists in Portugal, as observed in another national study
(Nogueira, 2010). 
Physical environment did not affect old-age survival in our
study, which was also found in the Porto study (Ribeiro et al.,
2016a). Poor physical environments were concentrated in affluent
urbanised areas (where there is a concentration of pollution
sources, such as industry and traffic) but the positive influence of
having good material resources and facilities (e.g., healthcare,
jobs, housing conditions, etc.) might conceal the detrimental
effects of living in a more hazardous environment. The absence of
an association with physical environmental aspects might also be
attributed to the mortality patterns in very old population strata;
among the oldest, the top mortality cause is cardiovascular disease
(CVD, responsible for over 40% of the deaths after the 85 years
old). In a previous work about the development of PT-MEDIX
(Ribeiro et al., 2015), we did not find a significant association
between physical environmental deprivation and CVD, but, on the
other hand, we observed a strong dose-response relation with can-
cer mortality. Therefore, the impact of physical environment might
be modest among the oldest population groups that are less affect-
ed by cancer mortality. 
Despite the evidence stating that access to healthcare play an
important role in extending life expectancy and survival
(Mackenbach et al., 2011; Peters et al., 2015; Vogt and Vaupel,
2015) we found that after controlling for socioeconomic character-
istics, access to healthcare was no longer associated with old age-
survival. Indeed a dozen of studies have found that, when com-
pared with socioeconomic factors, access to healthcare play a
much smaller role (Ferreira-Pinto et al., 2012; Kim, 2014; Kim and
Kim, 2014). Social and economic conditions adversely affect peo-
ple’s ability to access healthcare (e.g., ability to pay for travelling
and medical costs) and to understand health information (Hood 
et al., 2016), which may exert a much stronger influence than the
                   Article
Table 1. Univariable associations among old-age survival and
socioeconomic deprivation, access to healthcare and physical
environmental deprivation (men).
                            OR (95% CrI)
                                                     Men                            Women
Socioeconomic deprivation 
1*                                                    1.051 (1.008-1.101)                1.146 (1.079-1.222)
2                                                       1.042 (1.008-1.080)                1.087 (1.038-1.138)
3                                                       1.040 (1.004-1.086)                1.083 (1.031-1.142)
4                                                       1.004 (0.971-1.035)                1.029 (0.986-1.074)
5                                                       0.974 (0.935-1.007)                0.994 (0.951-1.037)
6                                                       0.991 (0.959-1.026)                0.986 (0.943-1.033)
7                                                       0.991 (0.954-1.031)                0.937 (0.884-0.986)
8                                                       0.983 (0.947-1.021)                0.925 (0.876-0.971)
9                                                       0.969 (0.931-1.005)                0.940 (0.894-0.991)
10°                                                  0.959 (0.915-1.001)                0.903 (0.850-0.955)
Access to healthcare                                                                                    
1#                                                     1.029 (0.993-1.070)                1.036 (0.981-1.094)
2                                                       1.036 (1.005-1.074)                1.055 (1.010-1.107)
3                                                       1.023 (0.995-1.056)                1.037 (0.994-1.088)
4                                                       1.010 (0.982-1.040)                1.004 (0.957-1.046)
5                                                       1.003 (0.975-1.034)                1.014 (0.971-1.065)
6                                                       0.983 (0.948-1.011)                0.986 (0.938-1.030)
7                                                       0.986 (0.957-1.014)                0.978 (0.934-1.019)
8                                                       0.982 (0.949-1.012)                0.997 (0.952-1.057)
9                                                       0.975 (0.942-1.004)                0.976 (0.934-1.023)
10§                                                   0.976 (0.937-1.012)                0.923 (0.862-0.982)
Physical environment                                                                                    
-1^                                                   0.979 (0.931-1.022)                0.960 (0.901-1.014)
0                                                       0.992 (0.961-1.023)                0.965 (0.923-1.004)
1                                                       0.974 (0.937-1.004)                0.967 (0.922-1.006)
2                                                       0.992 (0.958-1.021)                1.012 (0.974-1.055)
3                                                       1.026 (0.992-1.070)                1.042 (0.996-1.035)
4$                                                     1.039 (0.989-1.106)                1.058 (0.992-1.147)
OR, odds ratio; CrI, credible interval. *Least deprived; °most deprived; #higher; §lower; ^least environ-
mentally deprived; $most environmentally deprived. Statistically significant results are in italics.
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availability, quantity and/or geographical accessibility to health-
care (the components of healthcare access captured in our index
(Obrist et al., 2007) in the Portuguese context. 
The main limitation of this study is related with the use of
aggregated data. Scale might have influenced our results. We con-
ducted this analysis at the municipality level and this unit can have
as few as 1,830 inhabitants in Portugal or hold over 500,000 inhab-
itants, and 30% of the Portuguese population resides in municipal-
ities with >150,000 inhabitants (INE, 2016). Consequently, we
might have failed to detect important associations and inequalities.
This may also explain the different proportion of explained vari-
ability we observed in Porto (41%) compared with Portugal as a
whole (between 13 and 31%). In Porto, we had the opportunity of
using a much smaller geographical unit, which is more appropriate
for small-area studies of environment and health, since this
approach minimises within-area variation, is better to control for
potential confounding across areas and captures slight variations in
outcomes and covariates (Elliott and Savitz, 2008). However, due
to lack of high-resolution data for the entire country, we could only
use municipalities as the unit of analysis. The Modifiable Areal
Unit Problem (MAUP) is another potential source of bias. A differ-
ent arrangement of the spatial units might have yielded different
results.
Another plausible limitation was that our study was grounded
on the assumption that people have lived in the same area during
10 years. However, results from census and original research sup-
port the belief that our results are not driven by migration pat-
terns: only about 6% of the Portuguese reported to reside in anoth-
er geographical unit five years ago and, according to Tatsiramos
and colleagues (2006), migration of those aged ≥75 years is infre-
quent, especially in southern Europe (~1.0 to 1.5%). Moreover,
using data from EPIPorto cohort, a landmark epidemiological
cohort study in Portugal that has been ongoing for over 15 years
(http://ispup.up.pt/research/research-structures/cohorts/), we were
able to estimate the frequency of residential mobility in a large
Portuguese city. The cohort was constituted in 1999-2003 com-
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Table 2. Association among old-age survival and socioeconomic deprivation, access to healthcare and physical environmental depriva-
tion (men).
                                                                        Model 1                                                   Model 2                                            Model 3
                                                                   OR (95% CrI)                                         OR (95% CrI)                                   OR (95% CrI)
                                                  (socioeconomic deprivation only)                    (plus healthcare)                        (plus healthcare and
                                                                                                                                                                                     physical environment)
Socioeconomic deprivation 
1*                                                                                 1.051 (1.008-1.101)                                                1.043 (1.001-1.092)                                        1.044 (1.001-1.094)
2                                                                                   1.042 (1.008-1.080)                                                1.035 (1.001-1.073)                                        1.035 (1.001-1.073)
3                                                                                   1.040 (1.004-1.086)                                                1.034 (0.999-1.079)                                         1.033 (0.999-1.077)
4                                                                                   1.004 (0.971-1.035)                                                1.006 (0.975-1.037)                                        1.006 (0.976-1.037)
5                                                                                   0.974 (0.935-1.007)                                                0.978 (0.939-1.009)                                        0.977 (0.939-1.008)
6                                                                                   0.991 (0.959-1.026)                                                0.991 (0.960-1.023)                                        0.989 (0.957-1.020)
7                                                                                   0.991 (0.954-1.031)                                                0.991 (0.956-1.029)                                        0.989 (0.954-1.026)
8                                                                                   0.983 (0.947-1.021)                                                0.986 (0.952-1.002)                                        0.987 (0.952-1.022)
9                                                                                   0.969 (0.931-1.005)                                                0.973 (0.935-1.008)                                        0.974 (0.936-1.008)
10°                                                                              0.959 (0.915-1.001)                                                0.967 (0.922-1.008)                                        0.970 (0.926-1.011)
Access to healthcare                                                                                                                                                                                                                            
1#                                                                                                                                                                    1.020 (0.988-1.061)                                        1.021 (0.989-1.060)
2                                                                                                                                                                      1.025 (0.997-1.062)                                        1.024 (0.997-1.060)
3                                                                                                                                                                      1.016 (0.991-1.049)                                        1.016 (0.991-1.047)
4                                                                                                                                                                      1.005 (0.978-1.038)                                        1.005 (0.980-1.033)
5                                                                                                                                                                      1.003 (0.977-1.033)                                        1.002 (0.977-1.030)
6                                                                                                                                                                      0.986 (0.951-1.010)                                        0.987 (0.957-1.014)
7                                                                                                                                                                      0.989 (0.960-1.013)                                        0.988 (0.960-1.012)
8                                                                                                                                                                      0.987 (0.955-1.015)                                        0.987 (0.957-1.014)
9                                                                                                                                                                      0.983 (0.950-1.011)                                        0.984 (0.952-1.011)
10§                                                                                                                                                                  0.987 (0.949-1.022)                                        0.986 (0.950-1.021)
Physical environment                                                                                                                                                                                                                            
-1^                                                                                                                                                                                                                                           0.995 (0.950-1.039)
0                                                                                                                                                                                                                                                1.001 (0.972-1.032)
1                                                                                                                                                                                                                                                0.974 (0.938-1.004)
2                                                                                                                                                                                                                                                0.991 (0.959-1.019)
3                                                                                                                                                                                                                                                1.017 (0.985-1.058)
4$                                                                                                                                                                                                                                               1.023 (0.978-1.082)
DIC                                                                                         2268.58                                                                     2269.45                                                             2269.15
WAIC                                                                                      2263.53                                                                     2264.69                                                             2263.71
CPO                                                                                       -1066.65                                                                    -1070.99                                                            -1072.39
Reduction of spatial effect**                                             13.1                                                                           18.7                                                                    23.7
OR, odds ratio; CrI, credible interval; DIC, deviance information criteria; WAIC, Watanabe-Akaike information criterion; CPO, conditional predictive ordinate. *Least deprived; °most deprived; #higher; §lower; ^least
environmentally deprived; $most environmentally deprived; **percent reduction in the variance of the spatial effect (structured and unstructured). Statistically significant results are in italics.
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prising a representative sample of 2,485 adults (≥18 years of age)
residing in Porto municipality (Ramos et al., 2004). From wave 1
(1999-2003) to wave 2 (2005-2008) of the cohort, a 6-year period,
6.5% (n=162) of the participants changed their neighbourhood of
residence, but this percentage was significantly lower among the
75 years olds (n=4; mobility 2.0%). Furthermore, evidence sug-
gests that residential mobility is most likely to cause an underes-
timation of spatial inequalities and socioeconomic effects (Bryere
et al., 2015).
Finally, the location of nursing homes might have lower sur-
vival among their community residents, and this could have influ-
enced the analysis (Shah et al., 2013). Presence of nursing homes,
in particular in municipalities, could lead to an underestimation of
old-age survival. However, we did not find any match between the
spatial distribution of the areas of high and low survival and that of
Portuguese nursing homes. Finally, we were not able to evaluate
the role of other potentially important aspects, like social support
or certain features of the built environment, which might account
for the remaining spatial effect that our statistical model was not
able to explain. Our study has numerous strengths as well. First,
very few studies have dealt with three important determinants of
human health and survival: socioeconomic deprivation, physical
environment and access to healthcare. More importantly, we have
used robust measures that express how advantaged or disadvan-
taged small areas are in terms of socioeconomic circumstances,
physical environment and access to healthcare. These measures
were constructed based on sound theories and methods, which
allow us to be confident about the study findings. The EDI and PT-
MEDIX were built for other countries, with which data our results
are internationally comparable. Also, multivariable indexes con-
tribute to a better understanding and monitoring of multidimen-
sional phenomena as they measure the cumulative burden of health
detrimental factors at population level (Wills and Briggs, 1995;
Corvalán et al., 2000). Statistically speaking, we have used robust
spatial statistics that allowed us to account for the small number
problem and extract the true spatial pattern of old-age survival in
Portugal. Finally, we also accounted for spatial autocorrelation as
we employed a BYM framework to model the spatial effect.
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Table 3. Association among old-age survival and socioeconomic deprivation, access to healthcare, and physical environmental depriva-
tion (women).
                                                                        Model 1                                                   Model 2                                            Model 3
                                                                   OR (95% CrI)                                         OR (95% CrI)                                   OR (95% CrI)
                                                  (socioeconomic deprivation only)                    (plus healthcare)                        (plus healthcare and
                                                                                                                                                                                     physical environment)
Socioeconomic deprivation                                                                                                                                                                                                                 
1*                                                                                 1.146 (1.079-1.222)                                                1.135 (1.068-1.210)                                        1.132 (1.064-1.207)
2                                                                                   1.087 (1.038-1.138)                                                1.080 (1.032-1.131)                                        1.080 (1.032-1.129)
3                                                                                   1.083 (1.031-1.142)                                                1.074 (1.025-1.132)                                        1.072 (1.023-1.128)
4                                                                                   1.029 (0.986-1.074)                                                1.032 (0.990-1.077)                                        1.032 (0.990-1.077)
5                                                                                   0.994 (0.951-1.037)                                                0.994 (0.952-1.035)                                        0.994 (0.952-1.035)
6                                                                                   0.986 (0.943-1.033)                                                0.981 (0.939-1.026)                                        0.978 (0.937-1.022)
7                                                                                   0.937 (0.884-0.986)                                                0.940 (0.889-0.987)                                        0.941 (0.890-0.987)
8                                                                                   0.925 (0.876-0.971)                                                0.931 (0.889-0.976)                                        0.933 (0.886-0.978)
9                                                                                   0.940 (0.894-0.991)                                                0.942 (0.897-0.991)                                        0.943 (0.899-0.991)
10°                                                                              0.903 (0.850-0.955)                                                0.916 (0.862-0.969)                                        0.920 (0.866-0.973)
Access to healthcare                                                                                                                                                                                                                            
1#                                                                                                                                                                    1.020 (0.971-1.073)                                        1.020 (0.973-1.072)
2                                                                                                                                                                      1.032 (0.994-1.083)                                        1.032 (0.994-1.081)
3                                                                                                                                                                      1.021 (0.984-1.070)                                        1.020 (0.984-1.066)
4                                                                                                                                                                      0.994 (0.947-1.032)                                        0.996 (0.950-1.032)
5                                                                                                                                                                      1.014 (0.977-1.067)                                        1.011 (0.975-1.061)
6                                                                                                                                                                      0.987 (0.941-1.025)                                        0.988 (0.944-1.025)
7                                                                                                                                                                      0.979 (0.933-1.015)                                        0.980 (0.935-1.015)
8                                                                                                                                                                      1.004 (0.964-1.062)                                        1.003 (0.964-1.058)
9                                                                                                                                                                      0.993 (0.954-1.038)                                        0.992 (0.954-1.036)
10§                                                                                                                                                                  0.957 (0.896-1.008)                                        0.961 (0.901-1.009)
Physical environment                                                                                                                                                                                                                            
-1^                                                                                                                                                                                                                                           0.993 (0.945-1.041)
0                                                                                                                                                                                                                                                0.987 (0.952-1.019)
1                                                                                                                                                                                                                                                0.972 (0.928-1.006)
2                                                                                                                                                                                                                                                1.003 (0.971-1.040)
3                                                                                                                                                                                                                                                1.020 (0.985-1.067)
4$                                                                                                                                                                                                                                               1.025 (0.974-1.093)
DIC                                                                                         2481.10                                                                     2481.43                                                             2481.53
WAIC                                                                                      2471.92                                                                     2473.54                                                             2472.88
CPO                                                                                       -1252.19                                                                    -1255.65                                                            -1257.34
Reduction of spatial effect**                                             31.4                                                                           33.5                                                                    35.6
OR, odds ratio; CrI, credible interval; DIC, deviance information criteria; WAIC, Watanabe-Akaike information criterion; CPO, conditional predictive ordinate. *Least deprived; °most deprived; #higher; §lower; ^least
environmentally deprived; $most environmentally deprived; **percent reduction in the variance of the spatial effect (structured and unstructured). Statistically significant results are in italics.
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Conclusions
Important spatial inequalities in the distribution of old-age sur-
vival across Portuguese municipalities were discovered.
Socioeconomic deprivation was found to be the most important
determinant of old-age survival. However, further studies are need-
ed to identify the unaccounted factors that might explain spatial
differentials in old-age survival. Our results suggest policy makers
should direct their efforts to tackle socioeconomic differentials
between regions and guarantee equitable distribution of the health-
care resources.
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